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To what extent dorsal horn interneurons contribute
to the modality specific processing of pain and itch
messages is not known. Here, we report that loxp/
cre-mediated CNS deletion of TR4, a testicular
orphan nuclear receptor, results in loss of many
excitatory interneurons in the superficial dorsal
horn but preservation of primary afferents and spinal
projection neurons. The interneuron loss is associ-
ated with a near complete absence of supraspinally
integrated pain and itch behaviors, elevated me-
chanical withdrawal thresholds and loss of nerve
injury-induced mechanical hypersensitivity, but re-
flex responsiveness to noxious heat, nerve injury-
induced heat hypersensitivity, and tissue injury-
induced heat and mechanical hypersensitivity are
intact. We conclude that different subsets of dorsal
horn excitatory interneurons contribute to tissue
and nerve injury-induced heat and mechanical pain
and that the full expression of supraspinally medi-
ated pain and itch behaviors cannot be generated
solely by nociceptor and pruritoceptor activation of
projection neurons; concurrent activation of excit-
atory interneurons is essential.
INTRODUCTION
Pain and itch are unpleasant sensory experiences triggered by
noxious and pruritic stimuli, respectively. Pain evokes a with-
drawal reflex to avoid potentially harmful stimuli; itch provokes
a scratch reflex to counteract the unpleasant sensation.
Although there is evidence that pain and itch can arise from
stimulation of a common set of unmyelinated afferent fibers
(Imamachi et al., 2009), pain and itch are readily distinguished
mechanistically (Ikoma et al., 2006). For example, pharmacolog-
ically, it is possible to selectively block itch without affecting
pain, and there is now considerable evidence that the spinal312 Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc.cord circuits that mediate pain and itch can be distinguished
(Andrew and Craig, 2001; Han et al., 2013; Liu et al., 2011;
Ross et al., 2010; Sun et al., 2009).
A subset of sensory neurons (nociceptors) transmits pain- and
itch-provoking stimuli from the skin, muscle, and internal organs
of the body to the dorsal horn of the spinal cord. Here, informa-
tion is conveyed to projection neurons that transmit the informa-
tion to higher brain centers (Basbaum et al., 2009). Afferent input
to the dorsal horn concurrently engages excitatory and inhibitory
interneurons that regulate the output of the projection neurons.
However, whether afferent-induced activation of projection
neurons can drive and sustain behaviors indicative of pain and
itch, independently of the regulation exerted by interneuronal
circuits, is not known. Also unclear is the extent to which com-
mon or different populations of interneurons influence pain
and itch. As these interneurons are potential targets for the
development of novel therapeutics that can differentially control
pain and itch, a better understanding of their contribution is
clearly critical.
Orphan nuclear receptors, the endogenous ligands of which
have yet to be identified, belong to the nuclear receptor super-
family, which contributes to development, cell differentiation
and a host of physiological functions (Evans, 2005). In mammals,
the testicular orphan nuclear receptor 4 (TR4) is widely ex-
pressed in central and peripheral organs, and its global deletion
leads to significant developmental defects (Collins et al., 2004).
With a view to specifying the contribution of TR4 in the nervous
system, here we report that mice with a selective deletion of
TR4 in the CNS using an inducible Cre-dependent deletion
approach have a remarkable pain and itch phenotype, which is
associated with loss of excitatory interneurons in the superficial
dorsal horn of the spinal cord. The mice show dramatically
reduced responses in a heat pain test, higher mechanical
thresholds, and profound decreases in the pain behaviors pro-
duced by noxious chemical stimulation. Themice are also largely
unresponsive to different pruritogens. Despite showing reduced
pain behaviors that are organized at supraspinal levels, the mice
have normal reflex responsiveness to noxious heat and normal
tissue injury-induced heat and mechanical hypersensitivity.
By contrast, nerve injury-induced mechanical hypersensitivity
was lost. Our findings demonstrate not only that there are
Figure 1. TargetedDeletion of the TR4Gene
(A) Schematic illustrating exons of the TR4 gene on
chromosome 6 and the pKOS-72 targeting vector.
Start codon exon 4 and exon 5 were floxed with a
50 loxP and a 30 FRT-Neo-FRT-loxP directional
recognition cassette. Restriction enzyme loci and
PCR primers used are indicated.
(B) PCR genotyping strategies.
(C) PCR genotyping confirms appropriate target-
ing. Neg-con and M represent negative control
and marker lanes, respectively.
(D) RT-PCR demonstrates deleted of TR4 mRNA
from spinal cord of TR4 cKO mice; GAPDH was
loading control.
(E) Immunostaining with an anti-TR4 antibody
demonstrates loss of TR4 immunoreactivity in the
lumbar spinal cord of TR4 cKO mice.
Scale bar = 100 mm.
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superficial dorsal horn, which contribute tomodality specificity in
the processing of pain and itch messages, but also that activity
of these interneurons is essential for the full expression of supra-
spinally-integrated pain and itch behaviors.
RESULTS
Conditional Deletion of TR4 in the CNS
To explore the consequence of TR4 deletion from CNS neurons,
we generated mice in which the translation start codon of exons
4 and 5 of the TR4 gene (Nr2c2) was floxed by loxP sites. This
construct was linearized and introduced into embryonic stem
cells to obtain TR4-floxed chimeric mice (Figure 1A). Accurate
targeting was confirmed by PCR (Figure 1B). Next, we crossed
Nestin-Cre mice (Bates et al., 1999) with the TR4-floxed mice
to generate CNS specific conditional knockout (cKO) mice.
PCR (Figure 1C) and RT-PCR (Figure 1D) in spinal cord and the
loss of TR4 immunoreactivity in spinal cord tissue from the
mutant mice, compared to its apparently ubiquitous neuronal
expression in the spinal cord of wild-type (WT) mice, confirmed
deletion of the TR4 gene (Figure 1E).
Consistent with findings after global TR4 deletion (Chen et al.,
2007; Collins et al., 2004), we found that litters included equal
numbers of male and female offspring, but both male and fe-
male TR4 cKO mice are 20% smaller in size compared to their
WT counterparts (see Figure S1A available online). In contrastNeuron 78, 312–3to the earlier report (Chen et al., 2005),
we found that TR4 cKO mice had no dif-
ficulty negotiating an accelerating ro-
tarod (Figure S1B). On the other hand,
on average the cKO mice were impaired
on the ledge test (Schaefer et al., 2000;
Figure S1C). Although some of the
mutant mice remained on the ledge for
the 60 s test period, others did not. It is
our impression that the mice did not fall
from the ledge, but rather jumped. In
fact, taken together with their clear abil-ity to swim (Figure S6A) and the fact that the number of ventral
horn motoneurons marked by ChAT immunoreactivity in WT
(Figure S1D) and cKO (Figure S1E) mice is comparable (Fig-
ure S1F), we conclude that there are no significant motor ab-
normalities that could account for the behavioral abnormalities
described below.
Profound Alteration of Pain Behavior in the TR4 cKO
Mice
Next, we assessed the TR4 cKO mice in a battery of behavioral
tests of acute and injury-associated persistent pain. The TR4
cKO mice did not differ from WT mice in the Hargreaves (Fig-
ure 2A) and tail immersion reflex withdrawal tests of heat pain
sensitivity (Figure 2B). However, in the hot plate test, which trig-
gers a behavioral response (licking of the paw) that involves both
spinal cord and supraspinal processing of pain messages (Lan-
german et al., 1995; Le Bars et al., 2001), the cKO mice had
significantly higher response latencies (Figure 2C). Many of the
animals went to cut-off, which is the maximal response
permitted to avoid injury.
Compared to WT mice, the TR4 cKO mice have significantly
increased reflex withdrawal thresholds in the von Frey test of
mechanical pain (Figure 2D). Also, capsaicin-induced licking/
flinching (Figure 2E) and pain behavior following hindpaw
injection of formalin (5.0%) are profoundly reduced in the
cKO mice (Figure 2F). Formalin-evoked Fos expression in
the superficial dorsal horn was also decreased, by 44.3%24, April 24, 2013 ª2013 Elsevier Inc. 313
Figure 2. Complex Changes in Acute Pain Processing and Differential Heat and Mechanical Hypersensitivity after Tissue or Nerve Injury in
the TR4 cKO Mice
(A and B) Heat pain: WT and cKO mice do not differ (p > 0.05) in two reflex tests of heat pain (Hargreaves and 52C tail immersion).
(C) Latency to respond in the hot plate test was significantly increased in the cKO mice at all tested temperatures (48.0C, 52.5C, and 55.0C); dashed line
identifies cutoff time.
(D) Mechanical pain: TR4 cKO mice had significantly higher baseline mechanical (von Frey) thresholds.
(E and F) Chemical pain: licking and flinching of a capsaicin- (E) or formalin- (F) injected pawwere almost completely absent in the TR4 cKOmice. This was true in
both phases of the formalin test. Hindpaw formalin evoked Fos expression in lumbar spinal cord (G, WT; H, cKO) was reduced by 44.3% ± 5.2% in the superficial
dorsal horn of cKO mice compared to the WT counterparts (I). The reduction appears to predominate in lamina II.
(J) Tissue injury (CFA) induces thermal (J) andmechanical (K) hypersensitivity in bothWT and TR4 cKOmice, even though baseline von Frey thresholds are higher
in the cKO mice (D). Chronic constriction injury (CCI) induces heat (L) and mechanical (M) hypersensitivity in WT mice, but only heat hyperalgesia is produced in
the cKO mice. The magnitude of the heat hyperalgesia was comparable in WT and cKO mice, except at the 7 day time point.
(N) WT and cKO mice also differed with respect to mechanical hypersensitivity in the SNI (partial sciatic nerve injury) model of neuropathic pain. Despite
the absence of mechanical hypersensitivity in the cKO mice, microglia (immunostained with an Iba1 antibody) were comparably activated in cKO mice (P) and
WT mice.
(O) Three days after nerve injury. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., no significant difference; n = number of mice.
For (J) and (K), n = 7; for (N), n = 5 for both wild-type and cKO. BL, baseline; pre, preinjury; post, postinjury; ipsi, hindpaw ipsilateral to injury. Data presented as
mean ± SEM. Scale bar = 100 mm. See also Figures S1, S3, S6, and S7.
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Figure 3. Profound Loss of Pruritogen-Induced Itch in the
TR4 cKO Mice
Scratching in response to nape of the neck injection of histamine (A),
a-Me-5-HT (B), or choloroquine (C) was absent in TR4 cKO mice. Left
panel, number of scratching bouts in 5 min bins; right panel, total
number scratching bouts during the first 30 min after injection. *p <
0.05; **p < 0.01; ***p < 0.001. Data presented as mean ± SEM. See
also Figure S7.
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WT mice (Figure 2G). Taken together, these results reveal a
profound reduction of pain behaviors in response to a variety
of noxious stimulus modalities, namely heat, mechanical and
chemical, with preservation of the reflex responses provoked
by noxious heat.
Nerve Injury-Induced Persistent Pain Is Altered in the
TR4 cKO Mice
Both tissue and nerve injury induce a prolonged state of me-
chanical and thermal hypersensitivity, largely due to changes
(central sensitization) generated at the level of the spinal cord
dorsal horn (Basbaum et al., 2009). These changes are usually
manifest as a decreased mechanical withdrawal threshold
and decreased withdrawal latency in response to a heat stim-
ulus. Here, we induced paw inflammation by injection of
complete Freund’s adjuvant (CFA) and found that TR4 cKO
and WT mice develop comparable heat hypersensitivity (Fig-
ure 2J) in the Hargreaves (reflex) test. Furthermore, although
mechanical thresholds at baseline are higher in the cKO
mice, these animals did develop mechanical hypersensitivity.
The magnitude of the mechanical hyperalgesia was somewhat
less than in WT mice and the sensitized threshold in the cKO
mice was considerably greater than in their WT littermates
(Figure 2K).NTo model nerve injury-induced neuropathic pain, we
used the chronic-constriction injury (CCI), as this results
in both heat and mechanical hyperalgesia (Bennett and
Xie, 1988; Urban et al., 2011). We found that cKO and
WT mice developed comparable thermal hyperalgesia;
however, the magnitude of the change in the cKO mice
decreased slightly by 7 days, compared to WT mice (Fig-
ure 2L). By contrast, although mechanical hyperalgesia
was readily observed in the WT mice, this was absent
in the TR4 cKO mice (Figure 2M). In the spared nerve
injury (SNI) model of neuropathic pain (Shields et al.,
2003) we also found that cKO mice did not develop me-
chanical hyperalgesia following injury (Figure 2N). On the
other hand, despite the absence of nerve-injury induced
mechanical hypersensitivity, there was comparable acti-
vation of microglia (assessed using Iba1 labeling) in the
dorsal horn ipsilateral to the peripheral nerve injury, in
WT (Figure 2O) and cKO mice (Figure 2P).
Pruritogen-Induced Itch Is Lost in TR4 cKO Mice
As noted above, there is evidence that the spinal cord
mechanisms underlying pain and itch differ. Here, we
evaluated the scratching provoked by nape of the neck in-jection of three different pruritogens, histamine, a-Me-5-HT and
chloroquine. Figures 3A–3C illustrate that in cKOmice there is an
almost complete loss of scratching in response to the three pru-
ritogens, even though these agents trigger itch by activating
different populations of unmyelinated afferent (Imamachi et al.,
2009; Liu et al., 2009).
Alteration of Primary Afferent Terminations in the
Dorsal Horn of TR4 cKO Mice
Paralleling the profound behavioral pain deficits in the cKOmice,
we observed an aberrant pattern of primary afferent terminations
in the superficial dorsal horn. Thus, immunostaining for sub-
stance P (SP; Figures 4A, 4D, 4G, and 4H), CGRP (Figures S2A
and S2B), or TRPV1 (Figures S2C and S2D), which marks the
peptide population of unmyelinated nociceptors, revealed a sig-
nificant reduction of the area occupied by nociceptor terminals in
the superficial dorsal horn and an associated compaction of the
afferent termination in lamina I in cKO compared to WT mice. To
quantify these changes, we turned to a horseradish peroxidase-
DAB immunocytochemical approach. For SP immunoreactivity
(Figures 4G and 4H) we recorded a decrease in the area, by
63.7% (Figure 4I) and a corresponding increase in the immuno-
staining density (by 56.7%; Figure 4J). These values were calcu-
lated after correcting for the 9.4% reduced cross sectional area
of the gray matter in the cKO mice. We presume that theeuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc. 315
Figure 4. Anatomical Reorganization of Afferent Terminals in the Superficial Dorsal Horn of cKO Mice
In the lumbar spinal cord in cKO mice, compared to WT mice (A and G), there is a marked compaction of the substance P-immunoreactive terminals in the
superficial dorsal horn (D and H). IB4 staining, which marks the nonpeptidergic afferents, is also altered in the cKO mice, particularly in medial inner lamina II,
where the staining is notably reduced (arrows in E), compared toWTmice (B). Merged SP/IB4 images highlight the reduced dorsal-ventral extent of the superficial
dorsal horn laminae in the cKO mice (F), compare to WT (C). The dense, spinal cord-derived, SP immunoreactivity in the lateral spinal nucleus (LSN) is also
profoundly reduced in the cKOmice (D and H, arrow) compared toWT typemice (A, G, arrow). These patterns were confirmed in at least 5mice per genotype. For
quantitative analysis, sections were immunostained for SP using an HRP-DAB protocol (G and H). (I) The percentage of graymatter occupied by superficial dorsal
horn substance P-immunoreactive (ir) terminals relative to the area of the entire dorsal plus ventral horn gray matter is significantly reduced, by 63.7% ± 2.8% in
the cKO mice; however, the density (J) of SP immunoreactivity (ir) in lamina I increased, by 56.7% ± 4.4%, in cKO compared to the WT mice. ***p < 0.001. Data
presented as mean ± SEM. Scale bar = 100 mm. See also Figures S2 and S8.
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lamina I, in association with a loss of their excitatory interneuron
targets in lamina II (see below). Staining with the lectin IB4, which
marks the nonpeptide subpopulation of nociceptors, revealed a
comparable compaction (Figures 4B and 4E). The abnormal
staining is particularly notable at thoracic levels, where the un-
usually thin band of SP terminal staining in the cKO mice is
almost obscured by the IB4 terminals (Figures S2G and S2H).
In addition, in segments of cervical and lumbar enlargement,
there was a notable paucity of IB4 binding in the medial half of
the dorsal horn (Figures S2E and S2F and Figures 4B and 4E).
As these anatomical phenotypes could reflect alterations in
dorsal root ganglion (DRG) cell numbers, we also examined the
DRG in WT and cKO mice. Figure S2I illustrates that there are,
in fact, no changes in total number of DRG neurons (L4 and L5)
or in the relative expression patterns of markers of subset of
DRG neurons (SP, IB4, TRPV1) in cKO versus WT mice. Consis-
tent with this finding, when we crossed the floxed TR4 mice with
others that express peripherin-Cre, which is expressed in large
numbers of unmyelinated andmyelinated primary afferent fibers,
we found no effect on pain processing (Figures S3A–S3C) or on
immunostaining patterns in the dorsal horn (data not shown). We
conclude that deletion of TR4 from primary afferents is not316 Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc.responsible for the anatomical or for the functional phenotypes
observed after Nestin-Cre-mediated deletion. Of course, our
finding of preserved nerve injury-induced activation of microglia,
despite the loss of mechanical hypersensitivity, supports our
contention that nociceptors convey injury inputs normally in
the cKO mice. It follows that disruption of mechanically relevant
excitatory interneuron circuits downstream of the microglia
must underlie the loss of nerve injury-induced mechanical
hypersensitivity.
Neuronal Loss in the Superficial Dorsal Horn of TR4 cKO
Mice
In addition to the altered pattern of SP termination in the super-
ficial dorsal horn, we noted a profound decrease of SP staining in
the lateral spinal nucleus (LSN) (Figures 4A, 4D, 4G, and 4H,
arrow). As SP terminals in the LSN derive from neurons intrinsic
to the spinal cord (Ahn and Basbaum, 2006; Cliffer et al., 1988),
rather than from primary afferents, our attention turned to the
possibility that the behavioral changes in the cKO resulted
from loss of neurons in the superficial dorsal horn and LSN. As
the smaller size of the spinal cord made it difficult to generate
neuronal density measurements (i.e., numbers of cells per unit
area), we developed an alternate strategy. Specifically, as
Figure 5. Loss of Excitatory Interneurons in
the Superficial Dorsal Horn of TR4 cKOMice
As the number of PKCg-immunoreactive neurons
did not differ between WT and cKO mice (Figures
S2J–S2L), we estimated the loss of superficial
dorsal horn neurons by counting all NeuN-positive
neurons located dorsal to the PKCg layer of neu-
rons (dashed line) in WT (A) and cKO (B) mice.
(C) cKO mice had 40.6% ± 2.31% fewer NeuN+
neuron, SDH, superficial dorsal horn.
(F) Numbers of inhibitory neurons were estimated
by counting the number of GAD-GFP positive
neurons expressed in mice generated from cross
of TR4 heterozygous (TR4+/fl;Nestin-Cre) and
GAD-GFP mice. We found no difference in the
number of GAD-GFP positive neurons in TR4-WT-
GAD-GFP (D) versus TR4-cKO-GAD-GFP (E)
mice. By contrast, there is a 38.3% ± 2.56%
decrease of calbindin-immunoreactive neurons in
the superficial dorsal horn of cKO mice (G–I). In
situ hybridization for grp message revealed a
76.6 ± 3.6% decrease (L) in TR4 cKO (K) versus
WT mice (J) mice and by 83.0% ± 2.31% (O) for
grprmessage in cKO (N) versus WT mice (M). The
number of laminae I and V retrogradely labeled
(Fluorogold) spinoparabrachial neurons in WT (P)
and cKO (Q) mice did not differ (R). Counts
included all labeled neurons located ipsilateral and
contralateral to the injection site. Figures denote
number of animals (n) and genotypes. *p < 0.05,
***p < 0.001; n.s., no significant difference.
Data presented as mean ± SEM. Scale bar,
100 mm. See also Figures S4, S5, and S8.
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which define a ventral border of the superficial dorsal horn
(Neumann et al., 2008), did not differ inWT andmutant mice (Fig-
ures S2J–S2L), we used these neurons to establish the ventral
border of the counting region. We immunostained sections
with NeuN a neuronal marker and counted all cells dorsal to
the band of PKCg interneurons. This analysis revealed a marked
reduction, by 40.6%, in the number of neurons in the cKO mice
(Figures 5A–5C). Subsequent counts of all neurons dorsal to the
IB4 band revealed an even greater reduction (56.6%) (Figures
S4A–S4C), indicating that the consequence of TR4 deletion
predominates in the most superficial dorsal horn (laminae I
and/or outer II). That the defect is limited to the superficial dorsal
horn is demonstrated by the fact that counts of neurons in
the deep dorsal horn (from a line ventral to the band of PKCg
interneurons to the central canal) did not differ in WT and cKO
mice (Figure S4L).Neuron 78, 312–3Selective Loss of Excitatory
Neurons in the Superficial Dorsal
Horn of cKO Mice
We next used a variety of markers to
identify the missing neurons. To mark
the terminals of presumptive inhibitory in-
terneurons, we immunostained spinal
cord tissue for glutamic acid decarboxy-
lase (GAD), the biosynthetic enzyme forGABA. Densitometric analysis revealed that there was no differ-
ence in the distribution of GAD-immunoreactive terminals (data
not shown). Because cell bodies could not be counted using
GAD antibodies, we also crossed the TR4 mice with mice that
express GFP under the control of the GAD promoter. Counts
of GAD-GFP+ neurons in these cKO:GAD-GFP mice confirmed
that there is no change in the numbers of inhibitory interneurons
(Figures 5D–5F). On the other hand, we recorded a significant
reduction of calbindin-positive interneurons (Figures 5G–5I),
which are almost exclusively excitatory in the spinal cord (Antal
et al., 1991). Furthermore, using in situ hybridization, we local-
ized mRNA for gastrin-releasing peptide (GRP) and gastrin-
releasing peptide receptor (GRPR), which marks presumptive
excitatory interneurons in circuits essential for triggering itch,
and observed a 76.6% decrease of grp-positive cells (Figures
5J–5L) and an 83% decrease of grpr-positive cells in the cKO
mice (Figures 5M–5O). Superficial dorsal horn reelin-expressing24, April 24, 2013 ª2013 Elsevier Inc. 317
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(Akopians et al., 2008; Villeda et al., 2006), were also affected.
Specifically, reeler mRNA (Figures S4D–S4F) and reelin-immu-
noreactive neurons (Figures S4G–S4I) were decreased by
68.4% and 75.4%, respectively, in the superficial dorsal horn
in cKO mice. Finally, Type 2 vesicular glutamate transporter
(VGlut2) immunoreactivity, a general marker of excitatory termi-
nals, was profoundly decreased in the superficial dorsal horn of
cKO mice (Figures S4J and S4K). There also appears to be
decreased VGlut2 immunoreactivity ventral to lamina II, howev-
er, as we found no difference in the number of neurons in the
deep dorsal horn (Figure S4L), we suggest that this difference
reflects loss of the ventral arborization of some glutamatergic in-
terneurons in the superficial dorsal horn (Todd et al., 2003),
including the presumptive excitatory vertical cells (Grudt and
Perl, 2002).
Projection Neurons Are Spared in the cKO Mice
To determine whether projection neurons are included among
those missing in the cKO mice, we made injections of the retro-
grade tracer, Fluorogold (FG), into two major supraspinal
targets of dorsal horn projection neurons, the parabrachial nu-
cleus of the dorsolateral pons and the ventroposterolateral
thalamus. We made large injections that encompassed these
regions so as to reduce variability among animals. Counts of
retrogradely labeled neurons revealed no differences in the
number of FG-positive projection neurons, either in laminae I,
V, or the lateral spinal nucleus. Consistent with this finding,
the number of neurokinin 1 receptor-immunoreactive (NK1R)
neurons in lamina I in L4 and L5 segments, was comparable
in WT and cKO mice (Figures 5P–5R and S5). As the NK1R-
expressing neurons represent the great majority of projection
neurons in lamina I (Todd et al., 2000), we conclude that dele-
tion of the TR4 gene results in a significant decrease in the
number of excitatory interneurons in the superficial dorsal
horn, with preservation of inhibitory interneurons and projection
neurons. The changes are concentrated dorsal to the band
of PKCg-expressing excitatory interneurons, which are not
affected by TR4 deletion.
Decreased Noxious Stimulus-Induced Responsiveness
of Presumptive Dorsal Horn Projection Neurons in cKO
Mice
We can envision several consequences of the profound loss of
dorsal horn excitatory interneurons. Noxious stimulus-evoked
activity of the projection neurons and of the spared interneurons
could be equivalent in the cKO and WT mice. This scenario
seems unlikely, as it would provide sufficient noxious stimulus-
evoked activity to engage the projection neurons and their
supraspinal targets that are required for the full expression of
pain behaviors. Alternatively, activity of the surviving neurons
could persist, but intensity coding of the projection neurons
could be reduced to an extent that supraspinally-mediated
pain behavior is profoundly diminished.
In Figures 2G–2I, we show that injection of formalin into the
hindpaw evoked significantly less Fos-immunoreactivity in the
cKO mice. However, as Fos only provides a global measure of
the number of activated neurons, rather than a measure of the318 Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc.magnitude of the activity of individual neurons, we next made
extracellular recording from neurons in the superficial dorsal
horn, comparing the thermal and mechanical responsiveness
in WT and cKO animals. Given the impedance of the electrodes
used, we presume that these recordings are from the largest
neurons, the majority of which are projection neurons in lamina
I. Figure 6 shows that both the total number of spikes evoked
during the stimulation period as well as peak firing in response
to graded heat (Figures 6A–6C) and mechanical stimuli (Figures
6E–6G) were indeed significantly reduced in the cKO mice. The
duration andmagnitude of the afterdischarge, which presumably
contributes to the sustained activity of the projection neurons,
were also significantly reduced in neurons in the cKO mice (Fig-
ures 6D and 6H). On the other hand, although intensity coding,
with reduced response magnitude, was preserved for heat stim-
uli, coding of mechanical stimulus intensity was, in fact, lost in
the cKO mice (Figures 6E–6G). The latter result is consistent
with the more profound effect of TR4 deletion on the processing
of noxious mechanical inputs.
As the cKOmice showedsignificantly reduced responsiveness
to algogenic (capsaicin, formalin) and pruritogenic (histamine,
chloroquine) stimulation, we also investigated the spinal cord
responsiveness of superficial dorsal horn neurons following intra-
plantar injection of capsaicin, histamine, or their vehicles. As all of
the neurons that responded to capsaicin or histamine were also
activated by noxious heat, we presume that they receive a pre-
dominant, if not exclusive afferent drive from TRPV1-express-
ing nociceptors. Despite the profound decrease in the behavioral
response to capsaicin and histamine, the relative abundance of
the capsaicin- or histamine-responsive neurons did not differ
between WT and cKO mice, Thus, 16 of 17 heat-sensitive units
tested in WT and 10 of 12 in cKO were capsaicin-responsive,
and 10 of 10 in WT and 13 of 15 in cKO mice responded to
histamine. However, both peak firing rate and duration of the
discharges in response to either capsaicin or histamine were
significantly reduced in the cKO mice (Figures 6I–6N).
Based on these findings, we hypothesized that the activity in
the cKO mice of the lamina I projection neurons in response to
algogenic and pruritogenic stimuli is not sufficient to drive the
supraspinal sites that are required for the full expression of
supraspinally mediated pain behaviors. To test this hypothesis,
we next evaluated noxious stimulus-evoked Fos induction in a
major supraspinal target of NK1 receptor-expressing lamina
I projection neurons, namely the lateral parabrachial nucleus of
the dorsolateral pons (Al-Khater and Todd, 2009). Figure 7 illus-
trates that the number of formalin-induced Fos-immunoreactive
neurons in the parabrachial nucleus is indeed significantly
reduced in the cKO compared to WT mice. Taken together, we
conclude that loss of a population of excitatory interneurons in
the superficial dorsal horn underlies the reduced activity of
supraspinal loci critical to the full expression of pain behaviors
in response to noxious stimulation.
Cognitive Function Is Minimally Altered in the TR4 cKO
Mice and Selective Forebrain Deletion of TR4 Does Not
Alter Pain and Itch Functionality
Significant deficits in learning, memory, and emotional pro-
cesses unquestionably contribute to the experience of pain or
Figure 6. Altered Heat, Mechanical, and Chemical Responsiveness of Nociresponsive Neurons in the TR4 cKO Mice
Recordings from superficial dorsal horn neurons in response to graded heat (A–D), mechanical stimulation (E–H), and intraplantar injection of capsaicin (I–K) or
histamine (L–N) demonstrates a significant decrease in total number of spikes (B and F), peak firing (C, G, J, andM) and duration of afterdischarge (D, H, K, and N)
to different stimulus modalities, despite retained coding of stimulus intensity. Column A illustrates representative response histograms (top) of the firing of a
superficial dorsal horn neuron (middle) in response to graded innocuous (40C) and noxious (45C and 49C) heat (bottom) in WT (upper) and cKO (lower) mice.
(E) illustrates equivalent results for the response to graded mechanical stimulation in WT and cKO mice.
(I) and (L) are sample traces in response to capsaicin (I) and histamine (L) inWT (upper) and cKO (lower) mice. *p < 0.05, **p < 0.01, ***p < 0.001 comparingWT and
cKO. #p < 0.05, ##p < 0.01, ###p < 0.001 comparing response to capsaicin or histamine versus their respective vehicle.
Data presented asmean ± SEM. (B) p < 0.01, F = 9.13; (C) p < 0.001, F = 14.69; (D) p < 0.001, F = 6.47; (F) p < 0.001, F = 13.76; (G) p < 0.01, F = 8.77; (H) p < 0.001,
F = 7.07.
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transmission of pain and itch messages from the spinal cord to
the brain is the critical contributor to the behavioral phenotype
in the cKOmice, it was important to address a possible contribu-
tion of diminished higher cortical function in these mice. To this
end, we assessed the mice in traditional tests of learning, mem-
ory and anxiety. Figure S6A shows that the TR4 cKO perform as
well as their WT littermates in the Morris Water maze. The TR4
cKO and WT mice also performed comparably in the open field
test (Figure S6B); however, we did observe a small, but signifi-
cant increase in the time spent in the open arms of the zero
maze (Figure S6C), which suggests that these mice are some-
what less anxious than the WT mice. It is unlikely, however,
that this contributes significantly to the dramatically reduced
pain and itch phenotypes observed in the cKO mice.
Consistent with this conclusion, when we crossed the floxed
TR4 mice with an aCaMKII-Cre line, which restricted TR4 dele-
tion to the forebrain (Silva et al., 1992; Tsien et al., 1996), or
when we used a Cre-line that selectively targets the hypothala-
mus (SF1Cre) (Dhillon et al., 2006), we found that pain and itchbehaviors were completely normal. Furthermore, and not sur-
prisingly, we found no anatomical reorganization at the spinal
cord level (data not shown). On the other hand, when we used
a Pax3-Cre line, which is heavily expressed in the dorsal horn
spinal cord (Tsai et al., 2012; Figure S7A), but less so supraspi-
nally, we completely recapitulated the behavioral and anatomical
(pain and itch) findings observed after Nestin-Cre mediated TR4
deletion, including the loss of superficial dorsal horn interneu-
rons (Figures S7B–S7F and S8). Taken together the results
from these different Cre-crosses strongly argue that the critical
locus of the TR4 deletion to produce the anatomical and
behavior phenotypes is in the superficial dorsal horn.
DISCUSSION
We report that neuronal deletion of TR4 results in a remarkably
selective loss of a large complement of excitatory interneurons
in the superficial dorsal horn and in these mice there is a pro-
found decrease of pain behaviors that require processing of
incoming messages by the brain. Pruritogen-induced itch,Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc. 319
Figure 7. Decreased Supraspinal Processing of Noxious Stimulus-Evoked Pain Messages
Hindpaw injection of formalin (5%) evoked significantly less Fos expression in the lateral parabrachial nucleus (delineated by dashed lines) of TR4 cKO mice (B)
compared to wild-type (A) littermates. *p < 0.05. Data presented as mean ± SEM. Scale bar = 100 mm.
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stimuli, is also lost. These profound changes occurred despite
preservation of the reflex responsiveness to noxious heat and
of tissue injury-induced heat and mechanical hypersensitivity.
On the other hand, nerve injury-induced mechanical hypersen-
sitivity was severely compromised. Most importantly, these
profound behavioral changes occurred in mice in which there
was no change in the complement of primary afferents or of
dorsal horn projection neurons. We conclude that primary
afferent activation of projection neurons is not sufficient to
generate fully the behaviors indicative of the experience of
pain and itch; concurrent activation of excitatory interneurons
is essential.
Figure 8 schematizes the feedforward networks that we
envision engage the projection neurons. In the absence of the
facilitatory drive provided by excitatory interneurons, the output
of the projection neurons in response to nociceptive and pruri-
toceptive signals is significantly reduced. Because TRPV1-
expressing afferents are both necessary and sufficient for the
generation of noxious heat-evoked pain and withdrawal re-
flexes (Cavanaugh et al., 2009), as is the itch provoked by
many pruritogens (Han et al., 2013; Imamachi et al., 2009),
we highlighted these afferents to illustrate circuits implicated
by our findings. Figure 8 also suggests how noxious heat-
induced activation of TRPV1-expressing primary afferent noci-
ceptors could trigger normal noxious heat-evoked withdrawal
reflexes, despite the loss of more complex, supraspinally medi-
ated behaviors indicative of pain and itch. The critical difference
arises from the presence of distinct populations of excitatory
interneurons. One group in the superficial dorsal horn activates
spinal cord projection neurons to engage pain and itch pro-
cessing circuits in the brain; another group that we hypothesize
is activated by TRPV1-expressing A delta nociceptors that
arborize in the deep dorsal horn, engages spinal cord flexor
reflex withdrawal circuits. Importantly, because both tissue
and nerve injury-induced sensitization of heat-evoked with-
drawal reflexes was preserved in the TR4 cKO mice, we
presume that the excitatory interneurons that mediate this
sensitization are also preserved. Whether they overlap with
the population required for transmission of the pain message
to the brain or whether they constitute a distinct population
remains to be determined.320 Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc.Differential Excitatory Interneuron Contributions to the
Processing of Heat and Mechanical Pain Messages
Despite the presence of polymodal primary afferent nociceptors
that respond to both noxious heat and mechanical stimulation
(Jankowski et al., 2012), there is now increasing evidence that
different circuits underlie the pain produced by these different
stimulus modalities. In a recent report we highlighted the differ-
ential contribution of subpopulations of primary afferent noci-
ceptor to the transmission of heat and mechanical pain mes-
sages (Cavanaugh et al., 2009) and also demonstrated that
heat and mechanical pain can be independently regulated by
opioid agonists that target the mu and delta opioid receptors,
respectively (Scherrer et al., 2009). In our new analysis, we found
that loss of a subset of excitatory dorsal horn interneurons in the
cKOmice is associated with a preservation of reflex responsive-
ness to noxious heat (using the Hargreaves and tail immersion
tests), despite a profound increase in mechanical reflex with-
drawal thresholds. Furthermore, partial nerve injury produced
the expected heat hypersensitivity, but absolutely nomechanical
hypersensitivity in the cKO mice. Taken together these observa-
tions indicate that the behaviorally relevant segregation of
noxious stimulus modalities that we previously described for
the primary afferent nociceptor is also manifest at the level of
some circuits in the spinal cord. Conceivably loss of the same
population of interneurons that contributes to the increased
baseline mechanical threshold in the cKO mice accounts for
the loss of mechanical hypersensitivity after nerve injury.
We have not attempted to schematize how a loss of excitatory
interneurons could contribute to the mechanical phenotype re-
corded in the TR4 cKO mice. Particularly problematic is that
we do not have a behavioral test of mechanical pain processing,
comparable to the hot plate test, which is presumed to involve
supraspinal processing of pain messages. Furthermore, in
contrast to the selective contribution of TRPV1-expressing noci-
ceptors to heat pain and injury-induced heat hypersensitivity
(Cavanaugh et al., 2009), a plethora of afferents contribute to
acute mechanical pain and to mechanical hypersensitivity: high
threshold Ad delta and C mechanoreceptors (Costigan et al.,
2009); the MrgprD subset of nonpeptidergic afferents (Cava-
naugh et al., 2009; Rau et al., 2009), low threshold C mechano-
receptors (Seal et al., 2009), and even A beta afferents (Costigan
et al., 2009). Given the very different central projections of this
Figure 8. Schematic Illustrating the Excitatory Interneuron Circuits
Engaged byNociceptors and Pruritoceptors in the Superficial Dorsal
Horn
Although the neurochemistry of the pain-relevant excitatory interneurons
(E, red) is unclear, however, the association of GRP- and GRPR-positive
excitatory interneurons (E, dark blue) with the selective production of itch is
well established (Sun and Chen, 2007; Sun et al., 2009). The projection neu-
rons of lamina I are either pain (nociceptive; red) and itch (pruritoceptive; dark
blue) specific, or they receive convergent input from primary afferents that
respond to both pain and itch-producing stimuli. Depending on the nature of
the specificity within the TRPV1 afferent population (for example a GRP-
expressing pruritoceptor population has been proposed [Sun and Chen,
2007]), there may be specificity of information flow from the primary afferents
to the projection neurons (see text for details). The schematic also illustrates
how primary afferent nociceptors (likely A delta afferents) can engage flexor
reflex withdrawal circuitry (light blue interneurons) independently of their
activation of interneuronal circuits in the superficial dorsal horn. Given such
circuitry, the loss of superficial dorsal horn excitatory interneurons in the TR4
cKO could sufficiently reduce the firing of projection neurons so as to reduce
the ‘‘perception’’ of pain and itch, but there would still be preservation of
noxious heat-evoked spinal cord withdrawal reflexes.
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unlikely that a common set of excitatory interneurons underlies
their contribution to mechanical pain and nerve-injury induced
mechanical hypersensitivity.
The Excitatory Interneuron Contribution to Pain and
Itch: Divergence or Convergence of Dorsal Horn
Circuits?
Our observations also provide new insights into the circuitry
through which pruritogen-induced itch is produced. Based on
their finding that selective killing of GRPR-expressing neurons
in the dorsal horn eliminated itch without affecting several mea-
sures of pain processing, Sun and Chen (2007) concluded that
the GRPR neurons likely carry the itch message to the brain.
However, those studies did not determine whether the GRPR
neurons are interneurons or projection neurons. The dramatic
loss of GRPR neurons in the TR4 cKO mice, in which projection
neurons were preserved, suggests instead that the GRPR
neuron are, in fact, excitatory interneurons that must trigger
itch by engaging projection neurons. Figure 8 illustrates this cir-
cuit, but this schematic also includes a population of GRP-pos-
itive interneurons in the superficial dorsal horn, loss of whichwould also impact pruritogen-induced itch. Although most
studies indicate that GRP is expressed by a subset of peptider-
gic and TRPV1-expressing primary afferents (Akiyama et al.,
2013; Sun and Chen, 2007), our in situ analysis (and see also
Bro¨hl et al., 2008; Mishra et al., 2012) suggests that prurito-
gen-responsive unmyelinated afferents may not only engage
the GRPR circuits directly, but also indirectly, via GRP-express-
ing excitatory interneurons.
For pain and itch to be segregated, it follows that the GRPR-
positive population of interneurons and a different (pain-provok-
ing) population must engage different populations of projection
neurons. In other words, there must be one labeled line for
itch and another for pain. However, based on the concurrent
reduction of pain and itch after deletion of the relatively large
NK1 receptor-expressing subset of projection neurons Carstens
et al. (2010) concluded the opposite, namely that there is
convergence of pain and itch circuits upon a common output
system. Figure 8 illustrates both scenarios, one circuit in which
there are labeled lines for pain and itch and another in which
‘‘itch’’- and ‘‘pain’’-selective excitatory interneurons converge
onto NK1R-expressing projection neurons. If the latter circuit
indeed exists, then the differential perception of pain and itch
must involve distinguishable firing codes generated by spinal
cord projection neurons, codes that must be ‘‘read’’ by the brain.
The fact that the great majority, if not all superficial dorsal horn
neurons, responds to noxious heat and mechanical stimuli, as
well as to pruritogens, certainly points to a convergent circuit.
Clearly it is critical to determine the extent of convergence of
GRPR-positive and negative interneurons upon projection
neurons.
Figure 8 also highlights the fact that the extent of specificity in
the processing of pain and itch messages must consider the
contribution of the primary afferent. Consistent with several pre-
vious studies (Akiyama et al., 2009; Davidson et al., 2012), we
found that all capsaicin and histamine responsive dorsal horn
neurons are noxious heat responsive. It follows that they all
receive input from TRPV1-expressing primary afferents. Howev-
er, that conclusion does not eliminate the possibility that there
is physiological specificity in the central connections of these
TRPV1 afferents. Indeed, there is very recent evidence that
subsets of TRPV1 positive nociceptors and pruritoceptors
respectively engage ‘‘pain’’- and ‘‘itch’’-relevant excitatory dor-
sal horn interneurons (Han et al., 2013).
Our findings parallel, albeit in a complementary manner,
those of Ross et al. (2010), who studied mice with a deletion
of the Bhlhb5 homeobox gene. In the Bhlhb5 mutant mice,
there is a selective loss of inhibitory interneurons in the super-
ficial dorsal horn, which manifests in a condition of excessive
scratching, i.e., exaggerated itch. In these mice acute pain
was not altered. Whether projection neurons persisted after
Bhlhb5 deletion was not determined, but given the preservation
of pain behavior and excessive itch, the projection neurons
likely survived. Importantly, however, just as there is no
evidence that the Bhlhb5 deletion contributes directly to the
itch phenotype, so the loss of TR4 does not contribute directly
to any of the behavioral phenotypes that we observed. Rather,
we presume that the loss of excitatory interneurons is a
developmental manifestation of TR4 deletion, as is the lossNeuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc. 321
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Bhlhb5 deletion. These two gene deletions, however, fortu-
itously provided important insights into the superficial dorsal
horn circuits and mechanisms through which pain and itch
are generated.
Locus of the TR4 Deletion-Mediated Defect
Since we did not study animals in which TR4 was deleted only
from spinal cord, we cannot conclude unequivocally that the
remarkable pain and itch phenotypes resulted only from loss
of the excitatory interneuron population in the dorsal horn. On
the other hand, selective deletion of TR4 from the forebrain,
using an aCamKII-Cre line, did not reproduce any of the
anatomical alterations or of the pain or itch-related defects.
Furthermore, a more focused dorsal spinal cord deletion of
TR4 using a Pax3-Cre line, recapitulated both the anatomical
and behavioral pain phenotypes. The most parsimonious
explanation of these results is that direct (i.e., monosynaptic)
activation of projection neurons of the dorsal horn is not suffi-
cient to trigger the full complement of behaviors indicative of
pain and itch, both of which require integrated participation
of supraspinal circuits. Rather, concurrent feedforward facilita-
tion of projection neurons by excitatory interneurons in the
superficial dorsal is absolutely required to achieve sufficient
activity to generate fully the perception of pain and itch and
their associated behaviors. Interestingly, the profound loss of
interneuron-derived substance P immunoreactivity in the LSN
suggests that concurrent facilitation of activity of projection
neurons in both the superficial dorsal horn and LSN may be
required for the full expression of these behaviors.
Conclusion
The very profound pain and itch processing defects after TR4
deletion reflects loss of functionally distinct, and possibly
independent, excitatory interneuronal circuits in the dorsal
horn. These different populations of excitatory interneurons
contribute differentially to heat and mechanical modalities of
tissue and nerve injury-induced acute and persistent pain.
Our observations also support the view that the behaviorally
relevant segregation of noxious heat and mechanical pain
messages that is a feature of the nociceptor is also maintained
and can be independently regulated at the level of dorsal horn
interneuronal circuits. Most importantly, our findings demon-
strate that transmission of pain and itch messages from sen-
sory neurons to spinal cord projection neurons is not sufficient
to sustain pain and itch behaviors. Feedforward facilitation from
excitatory interneurons to spinal cord projection neurons is
essential for noxious and pruritic stimuli to engage and fully
activate the forebrain circuits that underlie the experience of
pain and itch.
EXPERIMENTAL PROCEDURES
All animal experimentswere approved by the Institutional Animal Care andUse
Committee at UCSF andwere conducted in accordancewith the NIHGuide for
the Care and Use of Laboratory animals.
See Supplemental Experimental Procedures for details on the genotyping,
RT-PCR, in situ hybridization, retrograde tracing, immunohistochemistry,
quantification, and behavioral assays.322 Neuron 78, 312–324, April 24, 2013 ª2013 Elsevier Inc.Extracellular Recording from the Spinal Cord Dorsal Horn
Extracellular single-unit recordings weremade from nociresponsive neurons in
the superficial dorsal horn of the lumbar spinal cord (Martin et al., 2004;
Mazarı´o and Basbaum, 2007). As for the behavioral analysis, true blinding is
difficult because of the smaller size of the mutant. In these studies the mice
were anesthetized by i.p. injection of 1.5 g/kg urethane (10% in saline, Sigma).
A laminectomy was performed at vertebral levels T13 to L1, corresponding to
spinal segments L4–L5. An agar pool was formed and then filled with 37C
mineral oil. A fine-tipped tungsten microelectrode (6–8 MU at 1 kHz; FHC)
was used to record unit activity. To search for neurons, we applied brief, mod-
erate pressure with a blunt glass probe to different regions of the glabrous skin
of the ipsilateral hindpaw. Average recording depths were 82.7 ± 7.6 mm inWT
and 86.6 ± 7.7 mm in cKO for neurons in the region of lamina I. Once amechan-
ical receptive field was identified, we characterized the unit with short (5 s)
brush, pressure, and pinch stimuli or with a drop of 50C water. Next, we
applied graded mechanical and heat stimuli using a custom-built mechanical
stimulator (ESTIMEC; Cibertec) or a contact Peltier device (kindly provided by
Merck, Sharpe, and Dohme), respectively. Unit activity was amplified (Cyber-
Amp380; Axon Instruments), digitized (Micro1401; CED), and discriminated
(Spike2; CED). Changes in peak firing rates (Hz), number of spikes evoked dur-
ing the stimulation period and length of the after discharge were compared
(GraphPad).
To assay the responsiveness of superficial dorsal horn neurons to selective
algogenic and pruritogenic stimuli, we examined the effects of intradermal
microinjection of capsaicin (0.3 mg in 1 ml), or histamine (50 mg in 1 ml) or their
vehicles into the receptive field with a 30.5-gauge needle connected to a
10 ml Hamilton microsyringe. The tested neurons were selected if they re-
sponded to noxious mechanical stimulation. Responses to the vehicles were
investigated first. After the unit activity had recovered, we followedwith capsa-
icin or histamine in the same receptive field, using a second 30.5 gauge needle.
Differences in firing properties between WT and cKO were compared,
including peak firing rates (Hz), response durations (sec), and numbers of
spikes in 4 consecutive 20 s periods after the injection. The number of spikes
in a 20 s period prior to the chemical administration (baseline activity) was sub-
tracted from each of the 4 post-injection 20 s periods to determine the activity
induced by the chemicals.
Statistical Analysis
Data are presented as mean ± standard error of mean (SEM). Student’s t test,
one- and two-way repeated-measures ANOVA (Bonferroni post test) were
used to analyze the anatomical, behavioral and electrophysiological results;
p < 0.05 was considered statistically significant.
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